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Abstract 
The work presented in this paper represents designing and testing of a ready-to-use standalone hot air space heating system. 
System has been designed to work in parallel with any other space heating conventional system. The designed system is based on 
multi-panel installation to serve the purpose of expansion according to service requirements. The design is simple, easy to install 
and suites any space heating requirements. Performance of the selected panel design has been tested and further improved by 
selecting the proper flow diverters. Different configurations of multi-panel installation have also been tested for system 
efficiency. Results showed that in multi-panel installation the vertical expansion gives much higher system efficiency. 
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1. Introduction  
 
Compared to other sources, fossil fuel is still the main source of thermal power. The increased pollution and 
the ever rising fuel prices, as well as the continuous depletion of fossil fuel resources makes renewable energy an 
attractive option as an auxiliary or supportive to fossil fuels power systems. 
Generating power using renewable energy sources is still facing many challenges. First, it is expensive due to 
the high capital cost. Also, storing renewable energy to be used when needed is still a matter of extensive research. 
 
The use of solar energy goes back to old history. Heron of Alexandria built a simple water pump that was 
operated by solar energy more than two thousand years ago. Archimedes of Syracuse used solar concentration 
mirrors to set fire to Roman ships [1]. Expectation that this non-renewable energy source would become scarce 
drove the development of solar technologies beginning in 1860s. However, the increasing availability, utility and 
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economy of fossil fuel hindered the early development of solar systems [2]. By 1870, the first solar-powered steam 
engine was developed by John Ericsson. In 1896, the first batch water heater was developed by Clarence Kemp by 
enclosing a tank in a wooden box. In the United States the use of solar collectors go back to 1900 in the form of a 
system consisted of a black-painted tank mounted on a roof to collect and store solar energy. Flat-plate solar 
collectors were used for water heating back in 1920s. In 1890s the commercial solar water heaters started appearing 
in the United States. These solar systems were increasingly in demand until 1920s, where cheaper and more reliable 
fuel systems replaced them gradually [1]. However, the interest in solar heating suddenly started rising after 1960, 
especially after the oil crisis in 1973 which caused rectification of energy policies around the world and renewed the 
focus on solar energy [1][2]. However, this interest declined later in the early 1980s due to the fall in oil price. 
In 1978, studies on the development of parabolic concentrator began. These systems were built and installed in 
the mid of 1980s in sunny areas, where trackers were added to the parabolic dishes to increase energy absorption 
which provided superior cost/power ratios in most sunny locations [3]. Moreover, in the mid-1980s, the first 
commercial solar power plant in California had been in operation generating 354 MW [4]. After the success of these 
solar systems, the interest in solar technologies was restored in the late 1980s [5]. 
 The development of solar water heating systems progressed steadily throughout the 1990s with a growth rate 
of 20% per year since 1999. While since 2007, solar water heating and cooling is the most widely used solar 
technology [6]. 
According to the International Energy Agency (IEA), solar energy can contribute in solving some of the urgent 
energy deficit [7]. Developing affordable systems that use inexhaustible clean solar energy can provide long term 
benefits to several countries giving them energy security by depending on a renewable energy source. The 
advantages of such systems must be utilized by investing and deploying these systems. In 2011, it was expected that 
solar water heaters, photo-voltaic panels, and solar power stations could provide one third of the world's energy 
needs by 2060. Where the strength of solar systems lie in the variety of applications from small to big scales 
providing an unlimited source of energy [8]. 
According to the Department of Energy in the United States, solar hot air heating systems show their most cost 
effectiveness in cold climates with the existence of good solar resources. That is in addition to the benefit of 
reducing pollution and greenhouse gases that are associated with burning the fossil fuels. A properly installed air 
collector with the size of 130cm x 260cm can provide 25 to 50% of the heating energy needed to heat a 40 to 80 m2 
space depending on the climate and the building construction. That makes them ideal for areas that have available 
solar radiation but cold weather [9]. 
Despite these advantage, solar air heaters provide non-uniform output [10]. Thus, current studies focus on heat 
transfer enhancement inside these heaters. Enhancement techniques included changing of air flow direction and 
using surface treatment or different materials. Alvarez et al [11] studied the possibility of improving the thermal 
performance of solar collectors using absorber plates made of recycled aluminum cans painted in black. Results 
showed an increase in the efficiency of 26.2% with an economic advantage of using recycled aluminum cans. 
Solar air collector of pin-fin integrated absorber was developed by Peng et al [12] to increase the thermal 
efficiency of SAHs. Results showed that pin-fin collectors can reach three times the flow rate and heat transfer 
coefficient of flat-plate collectors. El-Sawi et al [13] considered the chevron structure for the collector frame. This 
pattern was found to provide thermal efficiency improvement of 20% and an increase of 10 °C in the outlet air 
temperature at some specific flow rates. 
Other efficiency improvement techniques used double pass air flow. Essen [14] analyzed energy and exergy 
for a single and double glass cover and a double flow flat plate solar collector with obstacles on absorber plates 
which created turbulences and reduced the dead zone in collectors. El Sabii et al [15] used v-corrugated plates and a 
double glass cover for solar air heaters and observed an increase in efficiency by 9.3-11.9 % compared to finned 
plate heaters. V-corrugated plates showed an increase of 11-14% in efficiency compared to flat plate heaters at a 
flow rate of 0.02 kg/s using a double glass cover. [16]  
Single flow with the use of a single glass cover with an internal recycler showed considerable increase in 
efficiency due to the increase in fluid velocity which decreases the thermal resistance [17]. El-Sabii and Al-Snani 
[18] studied the effect of using selective coating of absorber plates, nickel-tin coating provided the best performance 
with an average increase of instantaneous efficiency of 0.46%. Akpinar and Kocyigit [19] studied the effect of 
obstacles on the performance of heating panels and showed a significant increase in performance. Moreover, Yang 
et al. showed that thermal efficiency for single flow collector with a single glass cover is enhanced by decreasing the 
heat transfer resistance in the flow channel [20]. 
A study was conducted by Al-Khaffajy and Mossad [21] to find the optimal air gap in solar heaters with a 
double glass cover. After calculating the heat losses from the heater at different air gap, it was concluded that an air 
gap of 40mm provided minimum losses. The losses were measured for both radiation and convection losses. 
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When it comes to heating, burning fossil fuel is considered to be one of the costliest uses. In this regard, solar 
energy was thought to be attractive among other renewable energy sources. However, the lack of its availability in 
certain conditions and locations, as well as the difficulty of storing this type of energy, makes it difficult to depend 
on as a single heating source in winter. But, as said, if you cannot have all, do not leave all. This lack of availability 
should not stop people from using renewable energy sources to build domestic heating systems that are capable of 
working as support for conventional fuel burning systems.  
It is thought that designing a solar heating system that can be of the ready-to-use type, to work in parallel with 
the fossil fuel central heating systems could be a feasible product. This design, its fabrication and testing will be the 
subject of this research. 
The axiomatic product design principles [22] will be utilized to suggest different alternatives and to select the 
best one. Since axiomatic design methodology is customer driven, the intended design will be a solar heating system 
that can be used along with the typical heating systems to help reducing the cost of space heating. The targeted 
design should be of the ready-to-use type and should require no modification to the infrastructure and/or structure of 
the targeted space to be served. Furthermore, design should be stand alone, independent, safe and proven to be 
economically feasible. 
 
 
2- Design of the hot air heating system 
 
 
 2.1- Single panel design 
 
 
The detailed axiomatic design procedure is beyond the scope of the present work. However, the selected design 
an expandable system consisting of a number of panels, a photovoltaic panel to provide power for a DC fan on the 
inlet of the system. Each hot air panel is a parallelogram of 100x70x5 cm. the frame is a riveted special aluminum 
section. All sides, except front and back, have removable covers that can be removed in case of mufti-panel 
installation. The front side is fitted with 6 mm transparent glass. Absorber plate is an aluminum plate pained in black 
mat paint and fitted with barriers to direct air flow. All sides except the front are insulated. A single panel is 
schematically illustrated in figure (1). The 3-D drawing of a single panel is shown in figure (2). 
 
 
Figure 3: Selected Concept. 
Figure (1): schematic illustration of a single panel 
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Figure (2): 3-D view of a single panel solar heater 
 
2.2- System Expansion 
 
The previous design is considered to be the best design for one panel. However, customer needs state that the 
system should be expandable to allow the attachment of additional panels and increase the collector's area. Figure 
(4) shows a schematic representation for the possible configurations that can be used to connect up to four panels 
together.  
 
 
 
 
(A)           (B)                          (C)                              (D) 
 
   
 
 
 
             (E)                                (F)                               (G) 
 
Figure (3): Schematic representation for the possible configurations to connect up to four panels together: 
(A): Horizontal 2 Panels, (B): Vertical 2 Panels, (C): L-Shape 3 Panels, (D): Horizontal 3 Panels, (E): Horizontal 4 
Panels, (F): Square 4 Panels, (G): L-Shape 4 Panels 
Outlet header 
Inlet header 
DC fan 
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In order to evaluate the performance of the proposed design and determine the optimal barrier's configuration 
inside the panel, additional thermal field testing is required. Testing will be also aimed at studying the performance 
of panels in multi-installation configurations shown in figure (3) above. Testing for thermal performance and results 
are discussed in the next section. 
 
3- Testing of the design 
 
 
The two main important factors that dictate the performance of the designed hot air heating system are the air 
flow rate and the outlet temperature. These factors are used to calculate the power output of the system using the 
following equation.  
ࡽ=࢓ࡆ࡯࢖ǻࢀ               (1) 
Where:  
Q = power (KJ/s) (KW). 
݉ ࡆ = mass flow rate (Kg/s). 
ܥp= specific heat capacity of air = 1.005 KJ/Kg.°C. 
ǻܶ= temperature difference between outlet and the inlet temperature (°C). 
 
Several experiments were conducted during June, July, and August 2014. The skies were clear and the solar 
radiation was recorded during each experiment. The variables during each test were the number of panels, multi-
panel arrangement and the flow control barriers arrangement. Two configurations for barriers tested were those 
described in figure 4.  
 
 
 
 
  
Type 1 Configuration.            Type 2 Configuration 
  
Figure (4): The flow control barrier configurations
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The first experiment was conducted on single panel of the system using type 1 absorber plate barrier 
configuration shown in figure (4). No forced flow was used in this case and air flow inside the panel was natural 
draft and was continuously monitored.  The steady stat air flow at steady state outlet temperature was measured at 
0.0813 g/sec 
 
Figure 5 shows the outlet and inlet temperature change with time. It can be seen that steady outlet temperature 
was 44.8 °C.  
 
Figure (5): Inlet and evolution of outlet temperature with time using type 1 barrier configuration. 
 
Calculating power on steady state condition gives 1045 w of output power 
Efficiency = ொ೚ೠ೟
ொ೔೙
ൌ60.658%  
Using single panel of the system with type 2 absorber plate configuration gave higher power and as a result 
efficiency was also higher. Figure (6) shows change in inlet and outlet temperature with time, using type two barrier 
configuration. 
 
20
25
30
35
40
45
50
0 5 10 15 20 25
Temp in (°C) Temp out (°C)
Time (min)
Te
m
p 
(o C
) 
1234   W.R. Tyfour et al. /  Energy Procedia  74 ( 2015 )  1228 – 1238 
 
 
Figure (6): Outlet and Inlet Temperature with Time for Zigzag Configuration. 
 
Output power on steady state was 1152 W and the efficiency climbed to 68.9% 
 
 
3.1- Further improvements on the panel design 
 
 
It is thought that there is still room for improving the design of the panel by the following 
x Using texture paint on the absorber plate and outer frame 
x Using forced draft instead of natural draft. A fan is driven by a photovoltaic panel is used on the inlet of 
the pane 
The results of these suggested improvement are summarized in table (1) which revealed different 
improvements in efficiency from 69% to 89%. The maximum efficiency was obtained with the texture painted 
panel fitted with a photovoltaic powered draft fan. 
 
 
Table (1): Panel performance due to design improvements 
Test No. Configuration 
Flow 
(m3/min
) 
Temp. In 
(°C) 
Temp. 
Out (°C) 
Global 
Radiation 
(W/m2) 
Powe
r 
(W) 
Efficiency 
       
 
1 
Panel with Black matt 
Painted Surface Absorber 
Plate 
3.711 33.4 49.7 1005 1165 
 
69% 
2 Panel with Black Rough 
Texture Painted Surface 
Absorber Plate 
3.77 33 49.9 1006 1208 72% 
3 
Panel with Black 
Texture Painted Surface 
Absorber Plate and Frame 3.77 33 50.1 998 1294 
 
 
78% 
4 
Panel with Black 
Texture Painted Surface 
Absorber Plate and Frame 
with PV fan 
4.77 28.3 45.1 1044 
 
1544 89% 
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Figure (7): Effect of panel design improvements, described in table (1), on efficiency 
 
 
3.2- Effect of multi-panel installation 
 
 
        3.2.1- Two panel installation 
 
 
 As discussed earlier and described in figure (3) above the designed system is intended to be expandable.    
The design of the single panels allows removal of side covers to facilitate putting more than one panel in any 
combination and orientation. In this case the panel design which gave the best performance under natural draft, 
number 3 in table (1) will be utilized. The performance result for vertical and horizontal installations are shown in 
table (2) and plotted in figure (8). 
 
 
 
Table (2) Performance of two panel installation 
Test 
No. 
Configuration Flow(m3/min) Temp. 
In oC 
Temp. 
Out oC 
Global 
radiation 
(w/m2) 
Output 
power (w) 
Efficiency 
(%) 
T5 
 
7.42 (natural 
draft) 
36 47.7 1015.6 2150 63 
T6 
 
0.954 (natural 
draft) 
31 54 928.6 422 13.6 
T7 
 
4.24 (forced 
draft, PV fan) 
29 48.9 1070.5 1625 45 
 
 
It is clearly indicated that the vertical installation is better in all aspects. The horizontal installation gave poor 
efficiency (13.6 %). Even under forced draft the flow rate was poor and, although the efficiency improved to 45 %, 
it remained poor compared to the vertical installation with natural draft.  
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Figure (8): Effect of multi-installation, two panels of different configurations as in table (2). 
 
3.2.2- Three panels installation 
 
It may worth testing other multi-panel installations to see the effect system efficiency. The results for three-
panel installation is summarized in table (3) and represented by the plot of figure (9). 
 
Table (3) Performance of three panel installation 
Test 
No.
Configuration Flow(m3/min) Temp. In 
oC 
Temp. 
Out oC 
Global 
radiation 
(w/m2) 
Output 
power (w) 
Efficiency 
(%) 
T8 
 
0.954 (natural 
draft) 
31 58 981 496 10.1 
T9 
 
3.92 (forced 
draft, PV fan) 
29 56 1033 2048 39.6 
T10 
 
4.24 (forced 
draft, PV fan) 
32 64 1008 2663 52.8 
 
Test Number
Ef
fic
ie
nc
t(
%
)
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Figure (9): Effect of multi-installation, three panels of different configurations as in table (3) 
 
 
It looks that efficiency drops as the number of horizontal panels increase. Increasing the number of horizontal 
panels from two to three resulted in efficiency drop from 13.6 % to 10.1 %. This may be attributed to poor natural 
draft with additional horizontal panels. Similarly, under forced draft conditions the efficiency dropped from 45% in 
case of two horizontal panels to 39.6% for the three panels. However, changing the configuration from three 
horizontal forced draft to two vertical one horizontal panels forced draft improves the efficiency drastically as seen 
in figure (9). Three vertical panel installation was not tested as it may not be suitable in practice since it will 3 
meters high. 
Apparently, there is no point in testing the four-panel installation, it is clear that in multi-panel installation the 
system efficiency is a function of ratio of number of vertical to horizontal panels. That is normal keeping in mind 
that the vertical installation increases the natural draft (the air flow rate). 
 
4. Conclusions 
  
 
From the results discussed above the following conclusions can be drawn: 
x A simple ready-to-use expandable hot air heater can provide a good assisting source for space heating 
systems. 
x The designed system is stand alone. i.e. it does not need any external power drive  
x Minor changes of the design can notably improve panel efficiency. Texture paint of the absorbing 
plate can increase the absorption area whereas, texture paint of the panel frame reduces heat loss from 
the panel. 
x The designed system is expandable. Number of panel in the designed system is not limited. Any 
number of panels can be easily assembled together to suite the requirements.  
x In multi-panel installation it is better to have as much vertical arrangement as possible. Results 
showed that system efficiency increases with number of vertical units. 
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